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Measurements of the off-shell Higgs boson production cross section in gg (→ h∗)→ ZZ have recently
been used by the CMS and ATLAS collaborations to indirectly constrain the total width of the Higgs
boson. I point out that the interpretation of these measurements as a Higgs width constraint can
be invalidated if additional neutral Higgs boson(s) are present with masses below about 350 GeV.
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I. INTRODUCTION
The measurement of the properties of the recently-
discovered [1] 125 GeV Higgs boson is central to particle
physics over the next decade [2]. These properties, in
particular the couplings of the Higgs boson to other Stan-
dard Model (SM) particles, probe the underlying cause of
electroweak symmetry breaking. Searches for exotic de-
cays of the Higgs boson further provide a probe for new
physics which may be coupled to the SM solely through
Higgs interactions [3]. Sensitivity to the Higgs boson cou-
plings at the CERN Large Hadron Collider (LHC) comes
primarily from measurements of “signal strengths,” i.e.,
of the rates of Higgs production and decay in particular
production modes and into particular final states. On
the Higgs resonance, the couplings can be parameterized
by a collection of multiplicative factors κi [4] that modify
the corresponding SM couplings. The on-resonance rate
in a particular production and decay channel can then
be expressed in the narrow-width approximation as
Rateij = σi
Γj
Γtot
= κ2iσ
SM
i
κ2jΓ
SM
j∑
k κ
2
kΓ
SM
k + Γnew
, (1)
where σi is the Higgs production cross section in produc-
tion mode i, Γj is the Higgs decay partial width into final
state j, Γtot is the total width of the Higgs boson, the
corresponding quantities in the SM are denoted with a
superscript, and Γnew represents the partial width of the
Higgs boson into new, non-SM final states.
Rate measurements in all accessible production and
decay channels are combined in a fit to extract the cou-
pling factors κi. This fit possesses a well-known flat di-
rection [5]; for example, one can imagine a scenario in
which all the coupling modification factors have a com-
mon value κi ≡ κ > 1 and there is a new, unobserved
contribution to the Higgs total width, Γnew > 0. In this
case the Higgs production and decay rates measurable at
the LHC are given by
Rateij =
κ4σSMi Γ
SM
j
κ2ΓSMtot + Γnew
. (2)
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All measured Higgs production and decay rates will be
equal to their SM values if
κ2 =
1
1− BRnew , (3)
where the Higgs branching ratio into nonstandard final
states is
BRnew ≡ Γnew
Γtot
=
Γnew
κ2ΓSMtot + Γnew
. (4)
In particular, a simultaneous enhancement of all the
Higgs couplings to SM particles can mask, and be masked
by, the presence of new decay modes of the Higgs (such as
light jets [6]) that are not directly detected at the LHC.1
This flat direction can be bounded by imposing ad-
ditional theoretical assumptions, such as the absence of
new, unobserved Higgs decay modes [5, 8] or the imposi-
tion of κW , κZ ≤ 1, which is valid when the Higgs sector
contains only isospin doublets and/or singlets [9]. How-
ever, viable models exist in which κW,Z can be signifi-
cantly larger than 1, such as the Georgi-Machacek model
with isospin-triplet scalars [10, 11] (for a recent update
of the allowed enhancement of κW,Z see Ref. [12]), exten-
sions of the Georgi-Machacek model with larger isospin
representations [13], and a model with an isospin-septet
scalar mixing with the usual doublet [14, 15]. In these
models it is straightforward to simultaneously enhance
the Higgs couplings to vector bosons and to fermions,
thereby reopening the flat direction.
Naturally, the elimination of this loophole in LHC
Higgs coupling measurements has become a high prior-
ity. Two novel techniques have been proposed since the
Higgs boson discovery that offer direct sensitivity to the
product of the Higgs production and decay couplings in
selected channels, and hence, via the corresponding sig-
nal strength, to the Higgs total width. The first makes
1 Measuring such an enhancement in the Higgs couplings would
be straightforward at a lepton-collider Higgs factory such as the
International Linear Collider (ILC), where a direct measurement
of the total Higgs production cross section in e+e− → Zh can
be made with no reference to the Higgs decay branching ratios
by using the recoil mass method (see, e.g., Ref. [7]).
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2use of the tiny shift in the reconstructed Higgs reso-
nance position in the gg → h → γγ invariant mass
spectrum caused by interference between the signal and
the continuum background [16–18]. This method is ro-
bust against new-physics effects, but is not very sensi-
tive: with the full 3000 fb−1 high-luminosity LHC data-
set this technique may ultimately be able to constrain
Γtot < 15 Γ
SM
tot [18]. The second uses the contribution of
off-shell gg → h∗ → ZZ production to the total gg → ZZ
rate above the ZZ production threshold [19–21].2 Away
from the h resonance, the off-shell gg → h∗ → ZZ cross
section is proportional to κ2gκ
2
Z , while on resonance the
corresponding gg → h → ZZ cross section is propor-
tional to κ2gκ
2
Z/Γtot. Thus a combination of the on- and
off-resonance measurements can be used to place an in-
direct constraint on Γtot.
This second technique has already been used by the
CMS and ATLAS experiments to set upper bounds on
the Higgs total width [24, 25]:
Γtot ≤ 5.4 ΓSMtot (CMS),
Γtot ≤ (4.8− 7.7) ΓSMtot (ATLAS), (5)
where the range in the quoted ATLAS limit represents
theoretical uncertainty in the background cross section.
Along the SM-mimicking flat direction κ2i ≡ κ2 =
1/(1 − BRnew), these bounds translate into quite strin-
gent bounds on the common coupling modification factor
κ and the Higgs branching ratio to non-SM final states:
|κ| ≤ 1.52, BRnew ≤ 0.60,
|κ| ≤ 1.48− 1.67, BRnew ≤ 0.54− 0.64, (6)
for CMS and ATLAS, respectively.
It has already been pointed out [26–31] that these
bounds must be interpreted with great caution. In par-
ticular, the CMS and ATLAS bounds rely on the as-
sumption that the product of coupling modification fac-
tors κ2gκ
2
Z is independent of the center-of-mass energy√
sˆ ≡ mZZ of the process. This assumption comes into
play because the on-resonance signal strength measure-
ments depend on the coupling values at mZZ = 125 GeV,
while the sensitivity to the off-shell Higgs contribution to
continuum gg → ZZ comes from the high ZZ invariant
mass region mZZ > 2mt ' 350 GeV. This assumption
can break down if the ggh coupling is modified due to a
new weak-scale particle running in the loop [27, 30] or if
either of the couplings is modified due to the contribution
of momentum-dependent dimension-six operators [26–31]
that parameterize the effects of new physics at a scale
above the direct kinematic reach of the measurement.
In this paper I point out another way in which an en-
hancement of the Higgs total width can go undetected
in the gg (→ h∗) → ZZ analysis. I consider the sce-
nario in which the Higgs couplings to top quarks and
2 The WW final state can provide additional sensitivity [22, 23].
W,Z bosons are modified due to an extended Higgs sec-
tor, and there are no new light colored degrees of freedom
running in the ggh loop, so that κg = κt neglecting light
quark contributions. When the product of coupling mod-
ification factors κtκZ 6= 1, the discovered Higgs boson h
by itself no longer unitarizes the tt¯ → ZZ scattering
amplitude at high energy [32–34] (indeed, the resulting
linear growth of this amplitude with increasing center-of-
mass energy is the origin of the sensitivity to κgκZ 6= 1
of the gg (→ h∗) → ZZ cross section measurement at
high mZZ [27]). Of course, in a renormalizable model,
unitarity is restored once contributions from the addi-
tional Higgs boson(s) are included. If the new Higgs bo-
son(s) are light compared to the mZZ range in which the
LHC gg (→ h∗)→ ZZ measurement obtains its sensitiv-
ity, their contribution to the Higgs-exchange amplitude
largely cancels the modification due to κtκZ > 1. In
this way the presence of new Higgs boson(s) below about
350 GeV can render the off-shell gg (→ h∗)→ ZZ analy-
sis insensitive to an enhancement of the h couplings, and
hence to a corresponding new unobserved decay width of
h.
In the next section I give the details of the calculation,
and I conclude in Sec. III.
II. THE EFFECT OF A SECOND SCALAR
RESONANCE
For simplicity I consider the situation in which a sin-
gle additional (undiscovered) neutral Higgs boson H
completes the unitarization of tt¯ → ZZ. In CP-
conserving two Higgs doublet models [35] this is the
second CP-even neutral Higgs boson; in the Georgi-
Machacek model [10, 11] this is the second custodial-
singlet Higgs boson. H is usually taken to be heavier
than h, though this is not necessary for what follows.
Unitarity of the tt¯ → ZZ scattering amplitude requires
that
κht κ
h
Z + κ
H
t κ
H
Z = 1, (7)
where the couplings of h and H relative to those of the
SM Higgs are distinguished by a superscript.3 In the
3 The couplings of h and H to top quarks and W and Z bosons
can be written in the generic form
κht =
cosα
cos θH
, κhW,Z = cosα cos θH −A sinα sin θH ,
κHt =
sinα
cos θH
, κHW,Z = sinα cos θH +A cosα sin θH , (8)
where α is the mixing angle that diagonalizes the h–H mass-
squared matrix and cos θH ≡ vφ/v, with v = (
√
2GF )
−1/2 be-
ing the SM Higgs vacuum expectation value and vφ being the
vacuum expectation value of the doublet that gives rise to the
top quark mass. The coefficient A depends on the isospin of
the additional scalar multiplet: A = 0 for the SM Higgs mixed
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FIG. 1. Normalized scalar amplitude M¯ as a function of the
ZZ invariant mass, for the SM, h exchange only, and h and
H exchange for three sample values of the H mass. I take
κhgκ
h
Z ≡ 1 + ∆ = 2.31 corresponding to the CMS limit given
in Eq. (6).
enhanced-coupling scenario we can then write
κht κ
h
Z ≡ 1 + ∆ > 1,
κHt κ
H
Z = −∆. (9)
Away from the h and H resonances, the sum of the
amplitudes for gg → h∗ → ZZ and gg → H∗ → ZZ, nor-
malized to the corresponding SM amplitude for a Higgs
of mass mh, reduces to
Mh +MH
MhSM
≡ M¯ = (1 + ∆)−∆ p
2 −m2h
p2 −m2H
, (10)
where p2 = m2ZZ is the square of the invariant mass of
the final-state ZZ system.
When p2  m2h,m2H , this becomes,
M¯ = 1−∆(m
2
H −m2h)
p2
+O
(
∆
m4H
p4
)
. (11)
In particular, the scalar-exchange amplitude rapidly ap-
proaches its SM value M¯ = 1 with increasing p2.4 This
is shown in Fig. 1, where I plot M¯ for the product of cou-
plings κhgκ
h
Z ≡ 1 + ∆ = 2.31 corresponding to the CMS
limit given in Eq. (6), and mH = 150, 225, and 300 GeV
with a singlet scalar, A = 1 for a two Higgs doublet model,
A =
√
8/3 for the Georgi-Machacek model, and A = 4 for the
SM Higgs mixed with a scalar septet. When A > 1, one can have
κhW,Z > 1 for appropriately-chosen values of α and θH . The sit-
uation κht κ
h
Z > 1 is not possible in the singlet scalar extension
of the SM.
4 Reference [30] studied the scenario in which the SM Higgs boson
mixes with a light isospin-singlet scalar, leading to κtκZ < 1
for the SM-like state, and observed the same return to the SM
amplitude in the high-p2 limit.
(dashed curves).5 These should be compared to the sit-
uation in which only h exchange is considered, in which
M¯ = 1 + ∆ (solid horizontal line), in particular in the
region mZZ > 350 GeV where the LHC off-shell–Higgs
measurement obtains its sensitivity.
The presence of an additional light scalar in such an
enhanced-coupling scenario is not at all exotic. Indeed,
one or more relatively light new scalars are required in
weakly-coupled extended Higgs sectors when the cou-
plings of h are significantly modified, due to the decou-
pling behavior of these theories [36]. For example, in the
Georgi-Machacek model, a simultaneous enhancement of
the h couplings to fermions and vector bosons by more
than 10–15% can only be obtained when at least one of
the new scalars lies below about 400 GeV [12]. Such a rel-
atively light additional scalar resonance can hide from di-
rect searches if it decays predominantly into the same un-
detected nonstandard final states that give rise to BRnew
of h.
By contrast, when H is heavy, m2h  p2 < m2H , the
scalar-exchange amplitude becomes
M¯ = 1 + ∆m
2
H −m2h
m2H − p2
' (1 + ∆) + ∆ p
2
m2H
. (12)
This reduces to the situation in which only h is ex-
changed, M¯ = 1 + ∆, in the limit m2H  p2. As
p2 approaches m2H from below, the presence of the H
resonance manifests as a momentum-dependent rise in
the amplitude, which can be reinterpreted in terms of a
dimension-six operator obtained by integrating H out of
the theory.
Finally I comment on the effect of light unitarizing
scalars on off-shell Higgs production via vector boson fu-
sion, WW → h∗ → ZZ. This channel is included in the
CMS off-shell–Higgs analysis [24], though its contribu-
tion to the sensitivity is currently very small due to the
small event rate. This channel has the benefit of avoid-
ing model dependence due to new light colored degrees of
freedom that would affect the ggh coupling. Its sensitiv-
ity, however, still relies on the fact that when κhWκ
h
Z 6= 1,
the discovered Higgs boson h by itself no longer unita-
rizes the WW → ZZ scattering amplitude at high en-
ergy [37], leading to quadratic growth of this amplitude
with increasing center-of-mass energy. In models with
an extended Higgs sector that yield κhW,Z > 1, unitar-
ity of the WW → ZZ scattering amplitude is restored
by additional diagrams involving t-channel exchange of a
5 When m2h < m
2
H < p
2, the amplitude in Eq. (10) is in fact
suppressed compared to the SM expectation. This is due to
the proximity of the H resonance with its negative product of
couplings κHt κ
H
Z = −∆, which interferes destructively with the
h exchange diagram. This mirrors the enhancement of the 4`
differential cross section at low invariant masses, shown in Fig. 8
of Ref. [30], caused by the high-energy tail of the H resonance
in the case of a light isospin singlet mixed with the SM Higgs, in
which case the product of couplings κHt κ
H
Z = cos
2 χ > 0.
4singly-charged Higgs boson that couples to W+Z [38–40],
yielding the sum rule∑
i
κhiWκ
hi
Z = 1 + (κ
H+
WZ)
2, (13)
where the sum runs over the neutral states h, H, and any
others that couple to W and Z pairs, and the H+W−µ Zν
Feynman rule is 2iMWMZκ
H+
WZgµν/v. The related pro-
cess WW → WW is unitarized by a doubly-charged
Higgs boson with a coupling to like-sign W pairs, yielding
the sum rule [38–40]∑
i
(κhiW )
2 = 1 + (κH
++
W )
2, (14)
where again the sum runs over all neutral states that
couple to WW and the H++W−µ W
−
ν Feynman rule is
2iM2Wκ
H++
W gµν/v. These states appear in the Georgi-
Machacek model and its generalizations, as well as in the
septet model. As in the gluon-fusion case, if the addi-
tional unitarizing Higgs boson(s) are all light compared
to the mZZ (or mWW ) range in which the LHC measure-
ments would obtain their sensitivity, the growth of the h-
exchange amplitude with increasing mZZ is largely can-
celled and the residual deviation of the amplitude from
its SM value again falls like M¯ − 1 ∝ m2H/p2.
A light singly- or doubly-charged Higgs boson is more
difficult to hide from direct searches than a second neu-
tral Higgs boson, because it cannot generically decay
into the same undetected light new physics that gives
rise to BRnew of h. A dedicated search for a fermio-
phobic singly-charged Higgs boson produced in WZ fu-
sion and decaying to WZ was recently performed by AT-
LAS [41]; however, such a charged Higgs with mass be-
tween half the Z mass and 200 GeV remains largely un-
constrained by direct searches. For the doubly-charged
Higgs, LHC measurements of the like-sign W±W± cross
section already put rather stringent constraints on pro-
duction of a doubly-charged Higgs boson in vector boson
fusion if it decays solely to W±W± [42]. The unitar-
ity sum rule in Eq. (14) then allows this direct-search
limit to be translated into a model-independent upper
bound on κhW,Z [13], as a function of the doubly-charged
Higgs boson’s mass. The constraints are least stringent
for a doubly-charged Higgs below 100 GeV, where the
existing LHC measurement loses sensitivity due to the
increasingly soft charged leptons from the off-shell W de-
cays [42].
III. SUMMARY
In this paper I showed that the interpretation of LHC
measurements of the gg (→ h∗) → ZZ cross section in
the high mZZ region as a constraint on the Higgs to-
tal width is invalidated if new light scalar degree(s) of
freedom that unitarize the tt¯ → ZZ scattering ampli-
tude are present at energy scales below that at which
the LHC measurement obtains its sensitivity. In par-
ticular, the gg → ZZ cross section in the high mZZ
region can be very SM-like even in the case that the
product of couplings κht κ
h
Z of the 125 GeV Higgs bo-
son h is substantially larger than predicted in the SM
if a second light neutral Higgs boson H with appropri-
ate couplings is present. A similar conclusion follows for
the process WW (→ h∗) → ZZ,WW so long as the
unitarity-restoring singly- or doubly-charged Higgs bo-
son is light.
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